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(57) ABSTRACT

A spark ignition internal combustion engine includes an
exhaust gas reflux device capable of refluxing exhaust gas
having passed through a catalyst for exhaust gas purification
to an intake passage, an ignition timing control means for
setting an ignition timing retard amount capable of preventing
knocking according to a NOx concentration in the exhaust gas
while the exhaust gas is refluxed, a NOx concentration esti-
mation means for estimating the NOx concentration in the
exhaust gas, and a purification performance reduction deter-
mination means for determining a reduction in purification
performance of the catalyst. The ignition timing control
means sets the ignition timing retard amount based on the
NOx concentration in the exhaust gas before passage through
the catalyst if the purification performance reduction deter-
mination means determines that the purification performance
of the catalyst has been reduced to a state set in advance.
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1
SPARK IGNITION INTERNAL COMBUSTION
ENGINE AND CONTROL METHOD OF
SPARK IGNITION INTERNAL COMBUSTION
ENGINE

TECHNICAL FIELD

The present invention relates to a combustion control to
avoid knocking in a spark ignition internal combustion
engine.

BACKGROUND ART

One of factors which limit an output of an internal com-
bustion engine is knocking. A control for retarding an ignition
timing ifknocking occurs or if a state is reached where knock-
ing is likely to occur is known as a means for preventing
knocking. Further, exhaust gas recirculation (EGR) for reduc-
ing a combustion temperature by refluxing a part of exhaust
gas to an intake system and setting an atmosphere, where
knocking is unlikely to occur, in a combustion chamber is also
known.

Exhaust gas discharged from an internal combustion
engine includes NOx, which has a property of making knock-
ing likely to occur. Thus, if the exhaust gas discharged from
the internal combustion engine is refluxed to an intake system
as it is, a desired knocking preventing effect cannot be
achieved or rather knocking may become more likely to occur
if a NOx concentration is high.

Accordingly, a configuration for providing a post-treat-
ment device for removing NOx in an EGR passage is dis-
closed in JP2000-282965A.

SUMMARY OF INVENTION

Although a discharge device is used as the post-treatment
device in JP2000-282965A, NOx in exhaust gas can be
removed even if an exhaust gas purifying catalyst such as a
three-way catalyst is used. However, NOx may remain in the
exhaust gas having passed through the post-treatment device
regardless of which post-treatment device is used, and NOx
has a property of making knocking likely to occur. Thus, a
control for retarding an ignition timing according to a NOx
concentration in EGR gas is necessary as a measure for pre-
venting knocking caused by remaining NOx.

However, if purification performance of the post-treatment
device decreases due to age-related degradation, it leads to a
significant increase in the NOx concentration in the exhaust
gas after passage through the post-treatment device. Thus, it
is difficult to grasp an accurate NOx concentration in the
exhaust gas after passage through the post-treatment device.

Therefore, it has been difficult to set an ignition timing
retard amount capable of preventing knocking based on a
NOx concentration in exhaust gas after passage through the
post-treatment device.

An object of the present invention is, therefore, to provide
a spark ignition internal combustion engine capable of avoid-
ing knocking even if there is a reduction in performance of a
post-treatment device for exhaust gas when EGR is executed.

A spark ignition internal combustion engine according to
an embodiment of the present invention includes an exhaust
gas reflux device capable of refluxing exhaust gas having
passed through a catalyst for exhaust gas purification to an
intake passage, and an ignition timing control means for
setting an ignition timing retard amount capable of preventing
knocking according to a NOx concentration in the intake
passage while the exhaust gas is refluxed. The spark ignition
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internal combustion engine further includes a NOx concen-
tration estimation means for estimating a NOx concentration
in the exhaust gas, and a purification performance reduction
determination means for determining a reduction in purifica-
tion performance of the catalyst. The ignition timing control
means sets the ignition timing retard amount based on the
NOx concentration in the exhaust gas before passage through
the catalyst if the purification performance reduction deter-
mination means determines that the purification performance
of the catalyst has been reduced to a state set in advance.

Embodiments and advantages of the present invention are
described in detail below with reference to the accompanying
drawings.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a configuration diagram of a system to which a
first embodiment of the present invention is applied.

FIG. 2 is a map showing an operation region where EGR is
executed.

FIG. 3 is a flow chart for an ignition timing control
executed by an ECU during the execution of the EGR.

FIG. 4 is a graph showing an example of a relationship
between NOx concentration in an intake passage and ignition
timing for preventing knocking.

FIG. 5 is a flow chart for setting an ignition timing retard
amount corresponding to purification performance of a cata-
lyst in the first embodiment.

FIG. 6 is a configuration diagram of a system to which a
second embodiment of the present invention is applied.

FIG. 7 is a flow chart for setting an ignition timing retard
amount corresponding to purification performance of a cata-
lyst in the second embodiment.

FIG. 5 is a flow chart for setting an ignition timing retard
amount corresponding to purification performance of a cata-
lyst in a third embodiment.

FIG. 9 is a time chart when a control routine of FIG. 8 is
executed.

DESCRIPTION OF EMBODIMENTS
First Embodiment

FIG. 1 is a configuration diagram of a system to which a
first embodiment of the present invention is applied.

An intake manifold 2 and an exhaust manifold 12 are
mounted in an internal combustion engine 1. An intake pas-
sage 5 and an EGR pipe 9 (exhaust reflux device) are con-
nected to the intake manifold 2. An exhaust passage 8 is
connected to the exhaust manifold 12. An air flow meter 3 for
measuring an intake amount and a throttle chamber 4 for
regulating the intake amount at a downstream side of the air
flow meter 3 are disposed in the intake passage 5.

A three-way catalyst 7 for exhaust gas purification is dis-
posed in the exhaust passage 8, and an A/F sensor 18 and an
O, sensor 13 are respectively provided upstream of and
downstream of the three-way catalyst 7.

The EGR pipe 9 is a passage for refluxing a part of exhaust
gas having passed through the three-way catalyst 7 as EGR
gas to the intake passage 5 and allows communication
between a side of the exhaust passage 8 downstream of the
three-way catalyst 7 and a side of the intake passage 5 down-
stream of the throttle chamber 4. An EGR cooler 11 for
cooling the EGR gas flowing inside and an EGR valve 10 for
regulating a flow rate of the EGR gas are provided in the EGR
pipe 9. It should be noted that the EGR cooler 11 is not
essential.
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Detection values of the A/F sensor 18 and the O, sensor 13
are input to an engine control unit (ECU) 20. Besides these, a
detection value of a crank angle sensor 14 for detecting a
rotation speed Ne of the internal combustion engine 1, detec-
tion values of an accelerator pedal opening sensor 17, a water
temperature sensor 19 and the like are read into the ECU 20.
The ECU 20 executes various controls such as an opening
control of the throttle chamber 4, an injection amount and
injection timing control of fuel injection valves 15, an ignition
timing control of ignition plugs 16 as an ignition timing
control means/unit and an opening control of the EGR valve
10, based on these detection values. The fuel injection valves
15 are disposed in branches 6 of the intake manifold 2 con-
nected to cylinders of the internal combustion engine 1. Fuel
in a fuel tank 30 is supplied to the fuel injection valves 15 via
a fuel supply pipe 31 by a fuel pump 32.

The ECU 20 is configured by a microcomputer including a
central processing unit (CPU), a read only memory (ROM), a
random access memory (RAM) and an input/output interface
(I/O interface). It is also possible to configure the ECU 20 by
a plurality of microcomputers.

It should be noted that although the internal combustion
engine 1 provided with no supercharger is described here, the
present invention can be similarly applied to an internal com-
bustion engine provided with a turbo supercharger or another
supercharger. Further, the internal combustion engine 1 of
FIG. 1 is of a so-called port injection type in which the fuel
injection valves 15 are mounted in the intake manifold 2, it
may be of a direct injection type in which fuel is directly
injected into cylinders.

FIG. 2 is a map showing an operation region where EGR is
executed. A vertical axis of FIG. 2 represents a torque of the
internal combustion engine 1, a horizontal axis represents the
rotation speed Ne of the internal combustion engine 1, and a
full load line is shown by a solid line WOT. The EGR is
executed in a hatched region in FIG. 2, i.e. a region where the
torque is not lower than Tel.

Since a combustion temperature decreases when the EGR
is executed, a temperature increase in a combustion chamber
can be suppressed. Accordingly, the occurrence of knocking
can be prevented by executing the EGR in a region where the
torque of the internal combustion engine 1 is relatively high as
described above.

NOx contained in exhaust gas discharged from the internal
combustion engine 1 has a property of making knocking
likely to occur. Thus, if a NOx concentration in the exhaust
gas is high, knocking is rather likely to occur by increasing an
EGR ratio. Accordingly, knocking during the execution of the
EGR is prevented by retarding an ignition timing according to
the NOx concentration in the EGR gas as described later.

FIG. 3 is a flow chart showing an ignition timing control
routine executed by the ECU 20 during the execution of the
EGR. It should be noted that a control is executed to set an
optimal ignition timing (MBT) as in a known ignition timing
control when the EGR is not executed.

In Step S100, the ECU 20 reads the torque of the internal
combustion engine 1. A required torque obtained based on an
accelerator pedal opening and the engine rotation speed Ne or
a generated torque estimated based on an intake air amount
may be used as the torque.

In Step S110, the ECU 20 estimates a NOx concentration in
the intake passage as a NOx concentration estimation means/
unit. The NOx concentration in the intake passage is esti-
mated, for example, based on a state of a A-control of an
air-fuel ratio and the amount of NOx purified in the three-way
catalyst 7. Since the air-fuel ratio is enriched or leaned from a
stoichiometric level according to the detection value of the

10

15

20

25

30

35

40

45

50

55

60

65

4

A/F sensor 18 in the A-control, the amount of NOx discharged
from the internal combustion engine 1 can be estimated to be
less than in a stoichiometric state if the air-fuel ratio is
enriched, and to be more than in the stoichiometric state if the
air-fuel ratio is leaned. Although NOx discharged from the
internal combustion engine 1 is removed by the three-way
catalyst 7, the amount of NOx removed by the three-way
catalyst 7 can be obtained by an experiment or the like in
advance.

Accordingly, the NOx concentration in the intake passage
is estimated by obtaining the NOx concentration in the
exhaust gas discharged from the internal combustion engine 1
atthe time of stoichiometry and removing the amount of NOx
purified by the three-way catalyst 7 after the obtained NOx
concentration is corrected based on a rich degree or a lean
degree detected by the A/F sensor 18. Further, the NOx con-
centration may be corrected based on the ignition timing such
that the earlier the ignition timing, the higher the NOx con-
centration. Of course, it is also possible to use a sensor for
directly detecting the NOx concentration.

Itshould be noted that mere rich and lean states mean states
richer than the stoichiometric state and leaner than the sto-
ichiometric state.

In Step S120, the ECU 20 executes the ignition timing
control according to the NOx concentration in the intake
passage. Here, a relationship between the NOx concentration
in the intake passage and the ignition timing is described.

FIG. 4 is a graph showing an example of the relationship
between the NOx concentration in the intake passage and the
ignition timing for preventing knocking. A vertical axis rep-
resents the ignition timing and a horizontal axis represents the
NOx concentration in the intake passage. It should be noted
that the ignition timing on the vertical axis indicates a degree
of deviation from MBT.

At a low torque, knocking does not occur up to a NOx
concentration N1 even with MBT kept constant. However, at
or above the NOx concentration N1, a retard amount of the
ignition timing needs to be increased to prevent knocking
with an increase in the NOx concentration. At a medium
torque, the NOx concentration at which knocking does not
occur with MBT kept constant is reduced from N1 to N2 and,
at or above the NOx concentration N2, the retard amount of
the ignition timing needs to be increased to prevent knocking
with an increase in the NOx concentration as at the low
torque. At a high torque, the ignition timing is retarded from
MBT evenin a state where the NOx concentration is zero and,
from that state, the retard amount of the ignition timing needs
to be increased with an increase in the NOx concentration
since this is, in the first place, a state where knocking is likely
to occur.

An increasing rate of the ignition timing retard amount
relative to a change amount of the NOx concentration, i.e. a
gradient of a solid line in FIG. 4 increases with a reduction in
the torque. This is for the following reason. Since knocking
becomes less likely to occur in the combustion chamber with
a reduction in the torque, the influence of the NOx concen-
tration increase is relatively large. Since knocking becomes
more likely to occur in the combustion chamber with an
increase in the torque, the influence of'the NOx concentration
increase is relatively small.

The ECU 20 determines the ignition timing from the NOx
concentration in the intake passage estimated in Step S110
based on the aforementioned relationship between the NOx
concentration in the intake passage and the ignition timing.

The NOx concentration in the intake passage can be esti-
mated by the A/F sensor 18 as described above on the premise
that purification performance of the three-way catalyst 7 is
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not reduced. However, in the case of a reduction in the puri-
fication performance of the three-way catalyst 7 due to age-
related degradation of the catalyst, an in-catalyst atmosphere
and the like, the amount of NOx purified by the three-way
catalyst 7 decreases and the NOx concentration in the exhaust
gas after passage through the three-way catalyst 7 is drasti-
cally increased, wherefore it is difficult to grasp an accurate
NOx concentration in the intake passage.

Accordingly, the ECU 20 determines whether or not the
purification performance of the three-way catalyst 7 has been
reduced in parallel with the aforementioned ignition timing
control of FIG. 3, and sets an ignition timing, which is differ-
ent from that when the purification performance has not been
reduced, in Step S120 of FIG. 3 if the purification perfor-
mance has been reduced.

FIG. 5 is a flow chart of a control routine executed by the
ECU 20 in parallel with the ignition timing control of FIG. 3.
This control routine is for determining, as a purification per-
formance reduction determination means/unit, whether or not
the purification performance of the three-way catalyst 7 has
been reduced, and retarding the ignition timing calculated in
Step S120 of FIG. 3 if the purification performance has been
reduced. This routine is described in accordance with Steps.

In Step S1000, the ECU 20 calculates, as an oxygen storage
capability detection means, an oxygen adsorption capability
of'the three-way catalyst 7 (hereinafter, referred to as a “cata-
lyst OSC capability”). Specifically, the catalyst OSC capabil-
ity is calculated based on the air-fuel ratio of the exhaust gas
flowing into the three-way catalyst 7 and the intake air
amount, i.e. the detection values of the A/F sensor 18 and the
air flow meter 3.

In Step S1010, the ECU 20 determines whether or not the
catalyst OSC capability is lower than a degradation determi-
nation value set in advance, and performs a processing of Step
S1020 if this capability has been degraded while performing
a processing of Step S1050 if this capability has not been
degraded.

The degradation detection value indicates, for example, a
catalyst OSC capability in a state where guaranteed duration
and distance of the purification performance required by
emission control have elapsed. In this case, the degradation
detection value is set for each combination of a vehicle type,
the internal combustion engine 1 and an unillustrated trans-
mission to which this system is applied.

The degradation of the catalyst OSC capability may be
determined based on whether or not guaranteed duration and
distance have elapsed, but degradation due to a reason other
than age-related degradation cannot be determined by such a
method. However, according to the determination method in
this Step, degradation due to a reason other than age-related
degradation can also be determined.

In Step S1020, the ECU 20 calculates an operation point
determined by the torque of the internal combustion engine 1
and the rotation speed Ne.

In Step S1030, the ECU 20 determines whether or not the
current operation point is within the EGR region shown in
FIG. 2. A processing of Step S1040 is performed if the opera-
tion point is within the EGR region, whereas the routine this
time is finished if the operation point is outside the EGR
region.

In Step S1040, the ECU 20 estimates the NOx concentra-
tion in the intake passage based on the detection value of the
A/F sensor 18 and sets the ignition timing retard amount
based on that estimation value. Specifically, the ignition tim-
ing retard amount is set by estimating the NOx concentration
of the exhaust gas after passage through the three-way cata-
lyst 7 from the NOx concentration of the exhaust gas before
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passage through the three-way catalyst 7 estimated based on
the detection value of the A/F sensor 18 and the amount of
NOx purified by the three-way catalyst 7 if the catalyst OSC
capability has not been reduced, whereas the ignition timing
retard amount is set based on the NOx concentration of the
exhaust gas before passage through the three-way catalyst 7 if
the catalyst OSC capability has been reduced. This causes a
higher NOx concentration in the intake passage to be calcu-
lated and a larger retard amount to be set as compared with the
case where the catalyst OSC capability has not been reduced.
Then, the ignition timing set in Step S120 of FIG. 3 is retarded
by the retard amount set in this Step.

It should be noted that, in Step S1040, an ignition timing
retarded only to be able to prevent knocking based on the NOx
concentration estimated based on the detection value of the
A/F sensor 18 may be set and the ignition timing set in Step
S120 of FIG. 3 may be replaced by this.

On the other hand, if'it is determined that the catalyst OSC
capability has not been degraded in Step S1010, processings
similar to those of Steps S1020, S1030 are performed in Step
S1050, S1060. If within the EGR region, a processing of Step
S1070 is performed.

In Step S1070, the ECU 20 determines the execution of the
ignition timing control in the EGR region during a normal
operation. The normal operation mentioned here means an
operation in a state where the three-way catalyst 7 is not
degraded. Specifically, in Step S1070, it is determined to
adopt the ignition timing set in Step S120 of FIG. 3 as it is.

As just described, in the present embodiment, the ignition
timing retard amount in the EGR region is set according to the
NOx concentration after passage through the catalyst calcu-
lated based on the detection value of the A/F sensor 18 and the
amount of NOx purified by the three-way catalyst 7 during the
normal operation. On the other hand, if the catalyst OSC
capability of the three-way catalyst 7, i.e. the purification
performance has been degraded due to age-related degrada-
tion, the ignition timing retard amount is set according to the
NOx concentration before passage through the catalyst cal-
culated based on the detection value of the A/F sensor 18.
Specifically, if the purification performance of the three-way
catalyst 7 is determined to have been reduced, the ignition
timing retard amount is set, assuming that NOx purification
by the three-way catalyst 7 is not performed at all. In this way,
the occurrence of knocking can be reliably avoided evenin a
situation where it is difficult to grasp an accurate NOx con-
centration due to a reduction in the purification performance
of the three-way catalyst 7.

Second Embodiment

A second embodiment is similar to the first embodiment in
the basic configuration of the system and the control routine
shown in FIG. 3, but differs in that a means for detecting a
sulfur concentration in fuel is provided and a reduction in the
purification performance as an object is caused by sulfur
poisoning.

FIG. 6 is a system configuration diagram of the present
embodiment. A sulfur concentration sensor 33 as the means
for detecting a sulfur concentration in fuel is disposed in a fuel
tank 30.

FIG. 7 is a flow chart of a control routine executed by an
ECU 20 in parallel with the ignition timing control of FIG. 3.
In this control routine, the ECU 20 determines as a sulfur
poisoning determination means/unit whether or not purifica-
tion performance of a three-way catalyst 7 has been reduced
due to sulfur poisoning, and retards the ignition timing cal-
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culated in Step S120 of F1G. 3 if the purification performance
has been reduced. This control routine is described in accor-
dance with Steps below.

In Step S2000, the ECU 20 detects the sulfur concentration
in the fuel using the sulfur concentration sensor 33. If sulfur
is contained at a relatively high concentration in the fuel,
sulfur components in exhaust gas are accumulated in the
three-way catalyst 7 to hinder oxygen adsorption and emis-
sion functions of the three-way catalyst 7, thereby leading to
areduction in oxygen OSC capability called sulfur poisoning.
Accordingly, the sulfur concentration in the fuel is first
detected. It should be noted that the detected sulfur concen-
tration is stored until the next operation.

In Step S2010, the ECU 20 determines whether or not the
sulfur concentration is higher than a poisoning determination
value. A concentration at which sulfur poisoning surely
occurs if an operation is performed using that fuel is set in
advance as the poisoning determination value.

The ECU 20 performs a processing of Step S2020 if the
sulfur concentration is higher than the poisoning determina-
tion value while performing a processing of Step S2050 if the
sulfur concentration is not higher than the poisoning deter-
mination value.

Processings of Steps S2020 to S2040 are not described
since being similar to those of Steps S1020 to S1040 of FIG.
5.

In Step S2050, the ECU 20 determines whether or not the
sulfur concentration in the fuel during the last operation is
higher than the poisoning determination value. The ECU 20
performs a processing of Step S2060 if the sulfur concentra-
tion is higher than the poisoning determination value while
performing a processing of Step S2130 if the sulfur concen-
tration is not higher than the poisoning determination value.

In Step S2060, the ECU 20 determines whether or not a
sulfur poisoning release condition holds. The sulfur poison-
ing release condition holds, for example, when a catalyst
temperature has reached a predetermined value or higher
during the current operation, there has been an operation
period during which an air-fuel ratio is in a rich state where
detoxification is possible or the current operation time has
elapsed enough for detoxification. It should be noted that the
current operation time serves as the poisoning release condi-
tion because poisoning is gradually released if the operation
is performed using the fuel having a lower sulfur concentra-
tion than the poisoning determination value this time even if
sulfur poisoning occurred during the last operation.

A processing of Step S2070 is performed if the sulfur
poisoning release condition holds, whereas a processing of
Step S2100 is performed unless this condition holds.

Processings of Steps S2070 to S2090 are not described
since being similar to those of Step S1050 to S1070 of FIG. 5.

Processings of Steps S2100 to S2120 are not described
since being similar to those of Steps S2020 to S2040, i.e.
Steps S1020 to S1040 of FIG. 5.

Further, processings of Steps S2130 to S2150 are not
described since being similar to those of Steps S2070 to
S2090, i.e. Steps S1050 to S1070 of FIG. 5.

This control routine described above is summarized as
follows.

If the sulfur concentration in the fuel during the current
operation is higher than the poisoning determination value, a
larger ignition timing retard amount than that during a normal
operation is set based on the NOx concentration in the exhaust
gas before passage through the catalyst, assuming that the
three-way catalyst 7 is eventually poisoned to reduce the
purification performance (Steps S2010 to S2040). The nor-
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mal operation mentioned here means an operation in a state
where the three-way catalyst 7 is not degraded as in the first
embodiment.

If the sulfur concentration in the fuel during the current
operation is lower than the poisoning determination value,
whether or not the sulfur concentration in the fuel used during
the last operation is higher than the poisoning determination
value is determined. If the sulfur concentration is lower than
the poisoning determination value also during the last opera-
tion, an ignition timing similar to that during the normal
operation is set (Steps S2010, S2050, S2130 to S2150). This
is because the three-way catalyst 7 can be estimated to be not
poisoned if the sulfur concentration in the fuel is lower than
the poisoning determination value both during the last opera-
tion and during the current operation and, hence, knocking
does not occur even at the ignition timing similar to that
during the normal operation.

If the sulfur concentration in the fuel during the last opera-
tion is higher than the poisoning determination value even
though the sulfur concentration in the fuel during the current
operation is lower than the poisoning determination value, the
ignition timing control is changed depending on whether or
not the sulfur poisoning release condition holds. If the poi-
soning release condition holds, the ignition timing similar to
that during the normal operation is set (Steps S2010, S2050 to
S2090). This is because sulfur poisoning is currently released
even despite the sulfur poisoning during the last operation and
knocking does not occur even at the ignition timing similar to
that during the normal operation. On the other hand, unless
the poisoning release condition holds, a larger ignition timing
retard amount than that during the normal operation is set
based on the NOx concentration in the exhaust gas before
passage through the catalyst (Steps S2010, S2050, S2100 to
S2120) since the three-way catalyst 7 remains poisoned from
the last operation and knocking is likely to occur.

As just described, in the present embodiment, the ignition
timing retard amount in the ECG region is set according to the
NOx concentration after passage through the catalyst calcu-
lated based on the detection value of the A/F sensor 18 and the
amount of NOx purified by the three-way catalyst 7 during the
normal operation. On the other hand, if the catalyst OSC
capability of the three-way catalyst 7, i.e. purification perfor-
mance has been degraded due to sulfur poisoning, the ignition
timing retard amount is set according to the NOx concentra-
tion before passage through the catalyst calculated based on
the detection value of the A/F sensor 18. Specifically, if the
purification performance of the three-way catalyst 7 is deter-
mined to have been reduced due to sulfur poisoning, the
ignition timing retard amount is set, assuming that NOX puri-
fication by the three-way catalyst 7 is not performed at all. In
this way, the occurrence of knocking can be reliably avoided
even in a situation where it is difficult to grasp an accurate
NOx concentration due to a reduction in the purification
performance of the three-way catalyst 7. Further, since the
presence or absence of sulfur poisoning can be reliably deter-
mined, an output reduction and fuel economy deterioration
are not caused by significantly retarding the ignition timing in
a state where there is no possibility of the occurrence of
knocking.

It should be noted that although the presence or absence of
sulfur poisoning is determined based on the sulfur concentra-
tion, a poisoned state of the three-way catalyst 7 may be
estimated or directly detected.

Third Embodiment

A third embodiment is similar to the first embodiment in
the basic configuration of the system and the control routine
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shown in FIG. 3, but differs in that a reduction in the purifi-
cation performance as an object is caused by excessive oxy-
gen in the catalyst. A reduction in the purification perfor-
mance caused by excessive oxygen means that a state where
fresh air passes through the internal combustion engine 1 as it
is and flows into the three-way catalyst 7 continues, for
example, as during a fuel cut control, an oxygen storage
amount of the three-way catalyst 7 becomes excessive and
NOx cannot be reduced after a fuel cut recovery.

FIG. 8 is a flow chart of a control routine executed by an
ECU 20 in parallel with the ignition timing control of FIG. 3.
In this control routine, the ECU 20 determines as an in-
catalyst atmosphere detection means/unit whether or not
purification performance of a three-way catalyst 7 has been
reduced due to excessive oxygen and retards the ignition
timing calculated in Step S120 of FIG. 3 if the purification
performance has been reduced. This control routine is
described in accordance with Steps below.

In Step S3000, the ECU 20 determines whether or not a
fuel cut recovery is in process, i.e. a return has been made
from a fuel cut control during deceleration. A processing of
Step S3010 is performed if the return has been made, whereas
the routine this time is finished if the return has not been
made.

In Step S3010, the ECU 20 determines whether or not an
output of an O, sensor 13 is smaller than an excessive oxygen
determination value. The excessive oxygen determination
value is, for example, a sensor output (about 600 mV) when
A=1 in the three-way catalyst 7. It should be noted that an
excessive oxygen determination region having a width of
about 50 mV may be set on each of a rich side and a lean side,
considering the case of a change from the rich side to the lean
side or a change from the lean side to the rich side.

As a result of the determination, a processing of Step
S3020 is performed ifthe output of the O, sensor 13 is smaller
than the excessive oxygen determination value, whereas the
processing of Step S3070 is performed if it is not smaller than
the excessive oxygen determination value.

In Steps S3020, S3030, the ECU 20 performs processings
similar to those of Steps S1020, S1030 of FIG. 5.

As aresult ofthe determination in Step S3030, a processing
of'Step S3040 is performed if within the EGR region, whereas
the routine this time is finished unless within the EGR region.

In Step S3040, the ECU 20 determines whether or not an
output of an A/F sensor 18 is smaller than an A/F determina-
tion value. The A/F determination value is an output when
A=1 at which the three-way catalyst 7 can fulfill a puritying
function. That is, whether or not an air-fuel ratio detected by
the A/F sensor 18 is rich is determined in this Step. This
determination is for detecting whether or not a rich spike for
setting a stoichiometric state in the three-way catalyst 7 hav-
ing entered an excessive oxygen state during a fuel cut as
described later is being executed by the ECU 20 as a rick spike
execution means/units.

As a result of the determination, a processing of Step
S3050 is performed if the air-fuel ratio is rich, whereas a
processing of Step S3060 is performed if the air-fuel ratio is
stoichiometric or lean.

In both Steps S3050 and S3060, the ECU 20 sets a larger
ignition timing retard amount than that during a normal
operation. Specifically, if the interior of the three-way cata-
lyst 7 is in the excessive oxygen state, a larger ignition timing
retard amount than that during the normal operation is set
based on a NOx concentration at the entrance of the catalyst,
assuming that the purification performance has been reduced.
However, the ignition timing retard amount set in Step S3050
is smaller than that set in Step S3060.
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Such setting of the ignition timing retard amount is
described. That the air-fuel ratio is rich at a catalyst entrance
side means a lower NOx concentration as compared with the
case where the air-fuel ratio is stoichiometric or lean. Accord-
ingly, the NOx concentration on a catalyst exit side is lower in
the state of Step S3050 where the air-fuel ratio is rich at the
catalyst entrance side and lean at the catalyst exit side than in
the state of Step S3060 where the air-fuel ratio is lean both at
the catalyst entrance and exit sides. Specifically, in the state of
Step S3050, the NOx concentration in the intake passage is
lower than in the state of Step S3060 and knocking is unlikely
to occur. Thus, the ignition timing is set on a more advanced
side in the state where knocking is unlikely to occur than in
the state where knocking is likely to occur.

On the other hand, if the output of the O, sensor 13 is not
smaller than the excessive oxygen determination value, the
ECU 20 performs processings similar to those of Step S1020,
S1030 of FIG. 5 in Steps S3070, S3080. As a result of the
determination in Step S3080, a processing of Step S3090 is
performed if within the EGR region, whereas the routine this
time is finished unless within the EGR, region.

FIG.9 is a tune chart when this control routine is executed.

Since intake air is discharged as it is from the internal
combustion engine 1 when an accelerator pedal is fully closed
and a fuel cut control is started at timing t1, the air-fuel ratio
atthe catalyst entrance detected by the A/F sensor 18 becomes
lean. Associated with this, the air-fuel ratio at the catalyst exit
detected by the O, sensor 13 also becomes lean. Further, since
the EGR is stopped during the fuel cut control, the NOx
concentration at the catalyst exit decreases.

This state continues while the fuel cut is performed,
whereby the interior of the three-way catalyst 7 is set in the
excessive oxygen state.

When a fuel cut recovery is made at timing t2, the air-fuel
ratio at the catalyst entrance becomes rich. This is because the
ECU 20 as the rick spike execution means/unit executes a rich
spike to quickly return the three-way catalyst 7 from the
excessive oxygen state to the stoichiometric state. Since oxy-
gen adsorbed in the three-way catalyst 7 is released also
during the rich spike, the air-fuel ratio at the catalyst exit
remains lean. Further, since excessive oxygen in the three-
way catalyst 7 is not resolved, the NOx concentration at the
catalyst exit increases. The ignition timing is retarded as
compared with that before the fuel cut.

When the accelerator pedal, is pressed at timing t3, the
NOx concentration at the catalyst exit further increases with
an increase in the engine rotation speed Ne and the ignition
timing is advanced. Further, the excessive oxygen state in the
three-way catalyst 7 is gradually resolved and the air-fuel
ratio at the catalyst exit gradually changes to become richer.

When the EGR is started at timing t4, the NOx concentra-
tion at the catalyst exit decreases due to an EGR execution
effect. At this time, the processing of Step S3050 of FIG. 7 is
performed since the air-fuel ratio at the catalyst entrance is
rich and that at the catalyst exit is lean. That is, the ignition
timing is set at a timing retarded from that during the normal
operation, but advanced from that during the operation in the
stoichiometric state in the excessive oxygen state.

When the air-fuel ratio at the catalyst exit reaches stoichi-
ometry at timing t5, the rich spike is finished and a return is
made to the normal operation, assuming that the excessive
oxygen state of the three-way catalyst 7 has been resolved.

As just described, in the present embodiment, the ignition
timing is set based on the NOx concentration at the catalyst
entrance, assuming that the purification performance has
been reduced, if the interior of the three-way catalyst 7 is in
the excessive oxygen state. Since this causes the ignition
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timing retarded from that during the normal operation to be
set, the occurrence of knocking can be prevented.

Further, ifthe rich spike is executed to resolve the excessive
oxygen state when the ignition timing is set based on the NOx
concentration at the catalyst entrance, a more advanced igni-
tion timing, in other words, a smaller ignition timing retard
amount is set as compared with an operation at the stoichio-
metric air-fuel ratio in the excessive oxygen state. This pre-
vents an output reduction and fuel economy deterioration
caused by retarding the ignition timing more than necessary.

Although the embodiments of the present invention have
been described above, the above embodiments are only an
illustration of some application examples of the present
invention and not intended to limit the technical scope of the
present invention to the specific configurations of the above
embodiments.

This application claims a priority of Japanese Patent Appli-
cation No. 2011-232678 filed with the Japan Patent. Office on
Oct. 24, 2011, all the contents of which are hereby incorpo-
rated by reference.

The invention claimed is:

1. A spark ignition internal combustion engine, compris-
ing:

an exhaust gas reflux device configured to reflux exhaust

gas having passed through a catalyst for exhaust gas
purification to an intake passage;

an ignition timing control unit configured to set an ignition

timing retard amount to prevent knocking according to a
NOx concentration in the intake passage while the
exhaust gas is refluxed;
a NOx concentration estimation unit configured to estimate
a NOx concentration in the exhaust gas; and

a purification performance reduction determination unit
configured to determine a reduction in purification per-
formance of the catalyst;
wherein the ignition timing control unit sets the ignition
timing retard amount based on the NOx concentration in
the exhaust gas before passage through the catalystif the
purification performance reduction determination unit
determines that the purification performance of the cata-
lyst has been reduced to a state set in advance.
2. The spark ignition internal combustion engine according
to claim 1, wherein:
the ignition timing control unit sets the ignition timing
retard amount based on the NOx concentration in the
exhaust gas after passage through the catalyst if the
purification performance of the catalyst has not been
reduced.
3. The spark ignition internal combustion engine according
to claim 1, further comprising:
an oxygen storage capability detection unit configured to
detect an oxygen storage capability of the catalyst;

wherein the purification performance reduction determina-
tion unit determines that the purification performance
has been reduced if the oxygen storage capability has
been reduced to a state set in advance.

4. The spark ignition internal combustion engine according
to claim 1, further comprising:

a sulfur poisoning determination unit configured to detect

whether or not the catalyst is sulfur-poisoned;
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wherein the purification performance reduction determina-
tion unit determines that the purification performance
has been reduced if the occurrence of sulfur poisoning is
determined by the sulfur poisoning determination
means.

5. The spark ignition internal combustion engine according

to claim 1, further comprising:

an in-catalyst atmosphere detection unit configured to
detect an atmosphere in the catalyst;

wherein the purification performance reduction determina-
tion unit determines that the purification performance
has been reduced if the interior of the catalyst is in an
excessive oxygen state.

6. The spark ignition internal combustion engine according

to claim 5, further comprising:

a rich spike execution unit configured to execute a rich
spike to change a state in the catalyst from the excessive
oxygen state to a stoichiometric state;

wherein the ignition timing control unit sets a smaller
ignition timing retard amount than that during an opera-
tion at a stoichiometric air-fuel ratio in the excessive
oxygen state if the rich spike is in execution in the
excessive oxygen state.

7. A spark ignition internal combustion engine, compris-

ing:

an exhaust gas reflux device configured to reflux exhaust
gas having passed through a catalyst for exhaust gas
purification to an intake passage;

ignition timing control means for setting an ignition timing
retard amount to prevent knocking according to a NOx
concentration in the intake passage while the exhaust gas
is refluxed;

NOx concentration estimation means for estimating a NOx
concentration in the exhaust gas; and

purification performance reduction determination means
for determining a reduction in purification performance
of the catalyst;

wherein the ignition timing control means sets the ignition
timing retard amount based on the NOx concentration in
the exhaust gas before passage through the catalyst if the
purification performance reduction determination
means determines that the purification performance of
the catalyst has been reduced to a state set in advance.

8. A control method of a spark ignition internal combustion

engine, the method comprising:

refluxing exhaust gas having passed through a catalyst for
exhaust gas purification to an intake passage;

retarding an ignition timing amount to prevent knocking
according to a NOx concentration in the intake passage
while the exhaust gas is refluxed;

estimating a NOx concentration in the exhaust gas;

determining a reduction in purification performance of the
catalyst;

wherein the ignition timing amount is based on the NOx
concentration in the exhaust gas before passage through
the catalyst if the purification performance of the cata-
lyst has been reduced to a state set in advance.
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